The gas-phase structures of four difluoroiodobenzene and two dihydroxybromobenzene isomers were identified by correlating the emission angles of atomic fragment ions created following femtosecond laser-induced Coulomb explosion. The structural determinations were facilitated by confining the most polarizable axis of each molecule to the detection plane prior to the Coulomb explosion event using one-dimensional laser-induced adiabatic alignment. For a molecular target consisting of two difluoroiodobenzene isomers, each constituent structure could additionally be singled out and distinguished. a) These authors contributed equally to this work.
(FWHM); λ center = 800 nm; I 0 = 3.0 × 10 14 W cm −2 ) were used to Coulomb explode the molecules. Each probe pulse was synchronized to the peak of an alignment pulse to ensure that only the most strongly aligned molecules were probed. The ions produced by the probe pulse were then extracted onto a microchannel plate detector backed by a phosphor screen, where their positions (x, y) and arrival times (t), relative to an external trigger, were recorded at 10 Hz to a precision of 40 ns with the 324 × 324 pixel PImMS2 sensor.
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Further details of the experimental setup are described elsewhere.
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Figure 1 demonstrates the observables acquired from the Coulomb explosion of 3,5-DFIB.
The two-dimensional velocity-map images of the I + , F + and H + fragments of 3,5-DFIB are presented in panels (a)-(c), and its structure is provided in panel (d). The images were recorded with both the alignment and the probe pulse present. Each ion image represents data accumulated over 50,000 laser shots and was obtained by adding all ion hits with arrival times corresponding to the relevant mass-to-charge ratios (m/z), which are indicated by the red shaded areas in panel (e). The pronounced angular confinement of the I + fragments along the central vertical axis (Fig. 1(c) ) demonstrates that the 3,5-DFIB molecules are confined along their most polarizable axis, the C-I bond, by the polarization vector of the alignment pulse. This is the expected result and matches previous work, from which it is also known that the plane of the molecule is free to rotate around the C-I-axis. 34 Note that any other DFIB isomer will be aligned in the same manner because the polarizability tensor is essentially independent of the location of the F atoms with respect to the I atom.
Although the velocity-map images of the 3,5-DFIB fragments provide clues about the corresponding molecular structure, covariance analysis of the correlations between the fragment momenta is required to distinguish the substituent positions and bond angles of each isomer. For each of the four DFIB isomers considered here, four recoil-frame covariance images illustrating the relative velocities of a pair of recoiling ions are shown. These are collected in Fig. 2 , where each covariance image, cov(X + , Y + ), represents the recoil velocity distribution of a partner ion Y + with respect to the recoil direction of a reference ion X + .
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To understand the potential for structural identification offered by the covariance images, assume that the only knowledge available from the mass spectra of the isomers is that they A more careful analysis of the relative ion recoil angles is obtained by applying an inverse Abel transform to each covariance image with pbasex (see Fig. 2(a) ) and reproducing the resulting angular distributions with Gaussian functions. 27, 35 The results are given in Table   1 with their standard deviations. It appears that the relative angles do not all faithfully represent the angles between the bonds in the parent molecule. This is to be expected because the final emission directions of the fragment ions are influenced to some degree by their mutual electrostatic repulsion as they fly away from the molecule. A more precise determination of the parent molecule structure therefore requires that the effect of the fragment-fragment repulsion be understood. This is possible by simulating the Coulomb explosion dynamics with classical ion trajectory calculations, but is not needed for the current work. 
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Next we demonstrate that the recoil-frame covariance method is also capable of distinguishing structural isomers within a sample mixture. To do so we recorded ion images for a sample consisting of two DFIB isomers in an unknown ratio. The results are displayed in row (a) of Fig. 3 . The cov(I + , F + ) image shows that the F + ions recoil at approximately
±120
• and 180
• with respect to the direction of the I + ion. The only isomer that gives a signal at 180
• is 2,4-DFIB so that one must be present in the sample. The signal at ±120
• may originate from either 3,5-DFIB or 2,5-DFIB. However, the cov(I + , H + ) image resembles that of 3,5-DFIB much more than that of 2,5-DFIB (see Fig. 2 ), strongly indicating that 3,5-DFIB is the other component of the unknown sample. To quantify this assignment we determined the angular distributions of the reference ions from the covariance images in row (a) and tried to match them by a linear combination of the angular distribution of the reference ions from the 2,4-DFIB and the 3,5-DFIB covariance images in Fig. 1 . The ratio of the two isomer contributions is a free parameter. Finally, we carried out experiments on 2,5-and 2,6-dihydroxybromobenzene. Similar to the DFIB studies, we assume that we only know that the sample molecules are benzenes substituted with Br and OH and show that the covariance images in Fig. 4 allow the structural isomer contained in each sample to be identified. In row (a) the cov(Br + , OH + ) image has the same four-peak structure as the cov(I + , F + ) image for the 2,5-DFIB isomer, and the cov(OH + , OH + ) image has one feature at 180
• , similar to the cov(F + , F + ) image of 2,5-DFIB. Applying the same arguments made for DFIB, we conclude that the data in row (a)
arises from the 2,5-DHBB isomer. Likewise, the upper two-peak structure of the cov(Br + , OH + ) image in row (b) closely resembles that of the cov(I + , F + ) image for 2,6-DFIB, and the lower two-peak structure in the cov(OH + , OH + ) image is similar to the structure in the cov(F + , F + ) image for 2,6-DFIB. Again, using the same argumentation as for DFIB we unambiguously conclude that the data in row (b) stems from 2,6-DHBB.
In With greater angular resolution the recoil-frame covariance images involving H + could in principle provide more detailed information about the conformers of the DHBB isomer.
In conclusion, we demonstrated that four isomers of DFIB could be unambiguously identified by correlating the fragment ion momenta created following femtosecond laser-induced
Coulomb explosion of one-dimensionally aligned molecules. The isomer-specific recoil-frame covariance images were then used as references for identifying two isomers, including their ratio, in a mixed sample. The mixture resembles a situation often encountered in femtosecond time-resolved photochemistry, where a small fraction of molecules are excited before undergoing isomerization. As such, our results point towards the use of laser-induced Coulomb explosion as a tool to image the evolving structure of excited molecules within a large background of unexcited (ground state) molecules. Finally, our methods were employed to identify two isomers of DHBB as an illustration that fragment ions other than halogens,
here OH + , also enable structural determinations. This indicates the potential application of Coulomb explosion imaging to a much broader class of molecules than have previously been studied. Along these lines, we additionally note that the current work was based on two-fold covariances, but three-fold covariance analysis could further improve and extend the structural identification capabilities provided sufficient data statistics are available. 
